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Antibodies against CCRS5, the major coreceptor for human immunodeficiency virus type 1 (HIV-1), may have
antiviral potential as viral fusion inhibitors. In this study, we generated a virus-like particle (VLP)-based
vaccine that effectively breaks B-cell tolerance and elicits autoantibodies against CCRS in pig-tailed macaques.
Initial studies in mice identified a polypeptide comprising the N-terminal domain of pig-tailed macaque CCRS
fused to streptavidin that, when conjugated at high density to bovine papillomavirus major capsid protein L1
VLPs, induced high-titer immunoglobulin G (IgG) that bound to a macaque CCRS5-expressing cell line in vitro.
In macaques, CCRS peptide-conjugated VLP preparations induced high-avidity anti-CCRS5 IgG autoantibody
responses, and all five immunized macaques generated IgG that could block infection of CCR5-tropic simian/
human immunodeficiency virus SHIV gy, 4,p; in vitro. Although the anti-CCRS IgG titers declined with time,
autoantibody levels were boosted upon revaccination. Vaccinated macaques remained healthy for a period of
over 3 years after the initial immunization, and no decline in the number of CCR5-expressing T cells was
detected. To test the prophylactic efficacy of CCRS autoantibodies, immunized macaques were challenged with
SHIV g 162p3- Although the plasma-associated virus in half of six control macaques declined to undetectable
levels, viral loads were lower, declined more rapidly, and eventually became undetectable in all five macaques
in which CCRS5 autoantibodies had been elicited. In addition, in the four vaccinated macaques with higher
autoantibody titers, viral loads and time to control of viremia were significantly decreased relative to controls,

indicating the possibility that CCRS autoantibodies contributed to the control of viral replication.

Primate lentiviruses, such as human immunodeficiency virus
type 1 (HIV-1) and simian immunodeficiency virus (SIV), use
chemokine coreceptors in addition to the CD4 receptor to
initiate virus infection (11, 33, 44). While a number of chemo-
kine receptors can function as coreceptors, CCRS is likely the
most physiologically important coreceptor during natural in-
fection. In individuals infected with HIV-1, CCR5-tropic (R5-
tropic) viruses are the predominant species isolated during the
early stages of viral infection (56), suggesting that these viruses
may have a selective advantage during either transmission or
the acute phase of disease. Moreover, at least half of all in-
fected individuals harbor only RS viruses throughout the
course of infection (14, 31). Genetic studies of a defective
CCRS allele (A32) have demonstrated that homozygous indi-
viduals are strongly resistant to HIV-1 infection and that het-
erozygotes have delayed progression to AIDS (11, 13, 25, 33,
37, 44, 50, 57). Thus, decreasing the availability of coreceptor
can have profound effects on viral pathogenesis. Individuals
possessing the A32 allele are healthy, suggesting that modula-
tion of CCR5 may not strongly affect the normal function of
the T cells and macrophages that predominantly express this
protein.

Given the important role that it plays during infection,
CCRS is considered an attractive antiviral therapeutic target.
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In addition, as a cellular protein, CCRS5 is genetically stable,
unlike viral targets, which may rapidly mutate during the
course of infection. Thus, intervention strategies that attempt
to inhibit viral replication by either directly blocking virus-
coreceptor interactions or decreasing CCRS expression have
been examined. These strategies have employed chemokines
and their analogs, small molecular inhibitors, small interfering
RNAs, and anti-CCRS5 monoclonal antibodies (MAbs) (2, 4,
39, 48, 54).

As an alternate approach, there has been interest in devel-
oping a vaccination strategy to induce anti-CCRS5 antibodies
that can bind native CCRS and block viral infection in vivo (9).
Because CCRS is continuously exposed to the systemic im-
mune system, effective induction of an anti-CCRS antibody
response is only possible by circumventing the tolerance mech-
anisms that the immune system has developed to normally
block the maturation of B cells specific for central self antigens.
Our laboratory and others have shown that immunization with
self antigens arrayed at high occupancy on the surface of virus
particles can efficiently break B-cell tolerance and induce
strong immunoglobulin G (IgG) autoantibody responses (re-
viewed in reference 51). By using self antigens conjugated to or
incorporated into the regular array of papillomavirus-like par-
ticles (VLPs), it has been demonstrated in rodents that these
immunogens strongly diminish the ability of the humoral im-
mune system to distinguish between self and foreign antigens,
resulting in a high-titer, high-avidity IgG autoantibody re-
sponse (8, 9). The mechanisms responsible for this response
have not been completely elucidated, but high self antigen
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density is a critical factor in enhancing the survival and/or
proliferation of autoreactive B cells (7). While the mechanism
of B-cell tolerance most likely depends on whether the self
antigen is expressed as a soluble or membrane-associated form
(19, 22, 38), we have used the conjugated VLP strategy to elicit
autoantibody responses against both soluble (tumor necrosis
factor alpha [TNF-«a]) and cell-associated (CCRS) self anti-
gens in mice. In addition, it has been demonstrated that the
induction of autoantibodies has the potential to reduce disease
pathologies, as autoantibodies against TNF-a could block or
attenuate disease in a TNF-a-dependent mouse model of
rheumatoid arthritis (8).

Here, we report the development of a conjugated VLP-
based vaccine that induces an anti-CCRS5 autoantibody re-
sponse in primates and examine the magnitude, duration, and
consequences of autoantibody induction, as well as the protec-
tive effects of vaccination in vivo upon subsequent challenge
with an R5-tropic primate retrovirus.

MATERIALS AND METHODS

Preparation of CCR5-conjugated VLPs. Bovine papillomavirus type 1 (BPV-1)
major capsid protein L1 VLPs were generated from recombinant baculovirus-
infected Sf9 cell cultures, as described previously (28). Purified VLPs were
biotinylated by incubation with NHS-LC-Biotin (Pierce Endogen, Rockford, Il1.)
at a 1:2 (wt/wt) ratio (60 min at room temperature), and then purified on a linear
sucrose gradient by centrifugation (8). Nucleotide sequences predicted to encode
the four extracellular (EC) domains of pig-tailed macaque CCRS (ptCCRS5) were
made by using an Applied Biosystems DNA synthesizer (Foster City, Calif.).
Each sequence was engineered to contain an EcoRI restriction site at its 5’ end
and a stop codon, followed by a BamHI restriction site at its 3" end. By using the
restriction sites, the sequences were cloned as a C-terminal fusion partner with
streptavidin (SA) in a modified version of the expression vector pTSA-18F (46).
The modified version contains a linker sequence (predicted to encode the amino
acids Gly-Gly-Gly-Gly-Ser) between the SA coding sequence and the CCR5
sequence. SA-CCRS5 constructs were transformed into lysogen BL21(DE2)
(pLysS) (Novagen, Madison, Wis.) for expression, and recombinant protein was
subsequently purified from inclusion bodies as previously described (8, 45, 46).
The ability of SA fusion proteins to bind biotin was determined by enzyme-linked
immunosorbent assay (ELISA) by measuring the ability to bind biotinylated
bovine serum albumin (BSA; Pierce Endogen), as described previously (8).
Conjugated VLPs were prepared by the incubation of SA fusion proteins with
biotinylated BPV-1 L1 VLPs at a 3:1 (wt/wt) ratio and were purified by cross-flow
filtration (A/G Technology Corp., Needham, Mass.) as described previously (8).

Mouse inoculations. Antisera were prepared by inoculating C57BL/6 mice
with 5 pg of VLPs conjugated to approximately 10 to 15 pg of SA-EC fusion
protein in Freund’s adjuvant. Mice were inoculated subcutaneously three times
at 2-week intervals. Antigen was diluted 1:1 in complete Freund’s adjuvant
(Pierce Endogen) for the initial injection and diluted 1:1 in incomplete Freund’s
adjuvant (Pierce Endogen) for subsequent inoculations. Serum samples were
collected 2 weeks after the final boost. Groups of three mice were immunized
with each preparation. All animal care was in accordance with the National
Institutes of Health guidelines.

Macaque inoculations. Eleven 3- to 7-year-old pig-tailed macaques were ran-
domized into two groups. One group of five macaques was immunized intramus-
cularly with approximately 20 to 25 ug of BPV-1 L1 VLPs conjugated to 50 to 75
ng of SA-ECI, in the presence of Titermax Gold adjuvant (CytRx Corp., Atlanta,
Ga.) at 20% of the total volume. These macaques were immunized a total of nine
times over a period of over 2 years. The second group of six macaques served as
controls. Sera were collected at regular intervals. Prior to all subsequent manip-
ulations, macaque sera were heat inactivated for 30 min at 56°C.

ELISA of antibody induction. Serum antibody specific for CCR5 EC peptides
or recombinant SA was detected by ELISA. Peptides corresponding to the four
EC domains of ptCCRS (EC1 to EC4) and containing an additional C-terminal
cysteine residue were synthesized (Commonwealth Biotechnologies, Richmond,
Va.) and conjugated to activated keyhole limpet hemocyanin (KLH; Pierce
Endogen) according to the manufacturer’s instructions. Immulon IT ELISA
plates (Dynex Technologies, Chantilly, Va.) were coated with 500 ng of EC-KLH
or 200 ng of recombinant SA per well. Serum was serially diluted in phosphate-
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buffered saline (PBS)-0.5% milk and applied to wells for 2.5 h at room temper-
ature. Reactivity to target polypeptides was determined by using horseradish
peroxidase-labeled goat anti-mouse IgG (for mouse sera) (Boehringer Mann-
heim Biochemicals Inc., Indianapolis, Ind.) at a dilution of 1:5,000 or horseradish
peroxidase-labeled rabbit anti-human IgG (for macaque sera) (Dako, Carpinte-
ria, Calif.) at a dilution of 1:6,000 as a secondary antibody (incubated for 1 h at
room temperature). Upon development, the optical densities at 405 nm (OD 4s)
were read by a Thermo Max microplate reader (Molecular Devices Corp.,
Sunnyvale, Calif.). OD,5 values that were greater than twice background were
considered positive. The avidity index value of serum antibodies was determined
by measuring the resistance of antibody target complexes to 8 M urea by ELISA.
Briefly, after the serum incubation, triplicate wells were treated with either PBS
or 8 M urea for 5 min. Subsequently, the wells were washed with PBS, and the
ELISA was performed as described above. The avidity index value was calculated
as the ratio of the mean OD value of urea-treated wells to PBS control wells
multiplied by 100, as previously described (23).

Flow cytometry. Flow cytometry was performed on a FACSCalibur by using
the CellQuest software package (BD Biosciences, San Jose, Calif.). Mouse serum
IgG binding to native CCRS was tested by reacting pooled mouse sera with HeLa
cells that stably express ptCCR5 (MAGI-ptCCRS cells; see below). Cells were
detached from the monolayer by using 5 mM EDTA and then washed three
times in staining buffer (PBS plus 0.5% BSA). Approximately 10° cells were
resuspended in 50 wl of staining buffer plus 2 pl of mouse serum for 30 min at
4°C. After being washed three times with staining buffer, cells were resuspended
in 50 pl of staining buffer plus 250 ng of fluorescein isothiocyanate (FITC)-
labeled goat anti-mouse IgG (Jackson Immunoresearch) and then incubated for
30 min at 4°C. Before analysis, cells were washed an additional three times with
staining buffer and resuspended in 0.5 ml of staining buffer. Specific binding was
measured relative to cells stained with pooled sera from mice immunized with
wild-type SA-conjugated VLPs (VLP:SA) generated previously (8).

The specificity of macaque IgG for native CCR5 expressed on pig-tailed
macaque peripheral blood mononuclear cells (PBMCs) was tested by examining
the ability of protein A/G (Pierce Biochemical Corp.)-purified macaque IgG to
block binding of a CCR5-specific MADb (3A9; BD Biosciences). Fifty microliters
of whole blood from a naive pig-tailed macaque was diluted twofold in staining
buffer and then incubated with purified macaque IgG at a final concentration of
1 mg/ml for 15 min at room temperature. Cells were washed twice with staining
buffer, resuspended in 100 wl of staining buffer, and then stained with MAbs
against CD95 (FITC-labeled; 20 pl) and CCR5 (3A9) (phycoerythrin [PE]-
labeled; 1 pl) for 20 min at room temperature. After the cells were washed twice,
they were treated with 1 ml of ACK lysis buffer (Cambrex, Walkersville, Md.) for
10 min at room temperature to lyse red blood cells. Cells were washed twice and
then analyzed by flow cytometry.

Viral inhibition assays. The inhibition of infection was measured by using the
MAGI-ptCCRS indicator cell line. These cells and their care were described by
Kimata et al. (26). At 24 h prior to infection, 10* cells were plated per well on a
48-well plate. At 30 min prior to infection, dilutions of protein A/G-purified
macaque IgG were added to cells in a total volume of 200 pl. Approximately 100
infectious simian/human immunodeficiency virus SHIVgg 4,ps Virus particles
were added to each well in the presence of 10 pg of DEAE-Dextran (Sigma, St.
Louis, Mo.) per ml. After 2 h at 37°C, virus and antibody were removed from
each well and replaced with 0.5 ml of media. Two days after infection, cells were
fixed, washed, and stained for B-galactosidase activity, as described previously
(27).

Macaque challenge. All 11 pig-tailed macaques were challenged with the 50%
tissue culture infective dose of SHIVgg4,p3, Obtained from Janet Harouse and
colleagues through the AIDS Research and Reference Reagent Program. This
virus stock had been titered in vivo in pig-tailed macaques (Macaca nemestrina)
by Nancy Haigwood at the University of Washington, Seattle, Wash. The 50%
tissue culture infective dose is equivalent to approximately 100 animal infectious
doses (N. L. Haigwood, personal communication). Virus was administered in-
travenously into the saphenous vein in a total volume of 1 ml. Blood, serum, and
plasma were collected from infected animals at regular intervals after infection.
Lymphocyte subsets in PBMCs were analyzed by flow cytometry by FAST Sys-
tems, Inc. (Gaithersburg, Md.) using a Beckman-Coulter EPICS XL MCL flow
cytometer. MADbs used included CD3e-FITC, CD4-PE, CD4-FITC, CD8-peri-
dinin chlorophyll protein, and CCR5-PE (3A9) (all BD Biosciences). Absolute
cell counts were determined by staining with fluorescent-labeled MAbs (CD3e-
FITC, CD4-PE, and CD8-peridinin chlorophyll protein) along with an internal
standard of fluorescent microbeads. The percentage of CD4" lymphocytes ex-
pressing CCR5 was determined by double staining with anti-CD4-FITC and
anti-CCRS5-PE. Plasma-associated SIV RNA viral loads were determined by
using a real-time quantitative reverse transcription-PCR method as described by
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Lifson et al. (32). Approximately 60 weeks after virus challenge, the 11 macaques
were euthanized and necropsied.

Statistical analysis. Viral loads were transformed to the log base 10 scale since
data were approximately normal on that scale. A comparison of the longitudinal
profiles between vaccinated and control macaques was done by a permutation
test (18). This global test was done by first summing the squared ¢ statistics from
individual ¢ tests done at each time point. The observed summed ¢ statistic was
compared with a reference distribution obtained by scrambling the group assign-
ments and obtaining the summed squared ¢ statistics for 2,000 random samples.
The P value was computed as the proportion of times the reference summed
squared ¢ statistics were larger than the observed summed squared ¢ statistic. In
addition to the global test, viral loads were compared between vaccinated and
control monkeys at each individual time point by using # tests and Wilcoxon rank
sum tests. In both cases, a value of 90 was used for viral loads below the level of
detection. A log-rank test was used to compare the time to control of detectable
viral loads between the two groups. Since the sample size was small, a permu-
tation test was used to compute the P value. The endpoint for this analysis was
the time of the first occurrence of three time points below the level of detection.
All tests were two-sided.

RESULTS

Induction of ptCCRS5-specific antibodies in mice. Previously,
our laboratory generated anti-mouse CCRS autoantibodies by
immunizing mice with chimeric VLPs that contained an EC
loop of mouse CCRS inserted into an immunodominant loop
of the papillomavirus major capsid protein, L1 (9). However,
our attempts to develop Ll-primate CCRS chimeric VLPs
were unsuccessful because the CCRS5 sequence interfered with
the ability of the L1 protein to self-assemble into VLPs (data
not shown). To circumvent this problem, we utilized a more
flexible approach in which antigens are conjugated to pre-
formed VLPs by taking advantage of the strong interaction
between biotinylated VLPs and SA-target peptide fusion pro-
teins (8).

The CCRS protein is a 7-transmembrane-spanning receptor
that has four EC domains. We generated four bacterially ex-
pressed fusion proteins in which each of the four individual EC
domains of ptCCRS was added as a C-terminal fusion partner
to a truncated version of SA. Each of these chimeric proteins
was then characterized individually (as shown in Fig. 1A and B
and summarized in C). To determine whether these engi-
neered proteins could be conjugated to biotinylated VLPs, the
four fusion proteins (designated SA-EC1, SA-EC2, SA-EC3,
and SA-EC4) were tested for biotin-binding activity by ELISA.
All except the SA-EC3 fusion protein reacted with immobi-
lized biotinylated BSA on an ELISA plate (data not shown),
indicating that for three of the fusion proteins the addition of
CCRS sequences to SA had not impaired the ability of the SA
domain to bind biotin. To generate conjugated VLPs, the three
SA-EC proteins that bound biotin (SA-EC1, SA-EC2, and
SA-EC4) were individually reacted with biotinylated BPV-L1
VLPs. Binding of the SA-EC proteins to the VLPs was con-
firmed by sucrose gradient centrifugation (data not shown).

The ability of each conjugated VLP preparation to elicit
anti-ptCCRS antibodies was assessed in mice. Groups of three
C57BL/6 mice were vaccinated with VLPs conjugated to SA-
EC1, SA-EC2, or SA-EC4. Mice were injected subcutaneously
three times at 2-week intervals with 5 wg of VLPs conjugated
to ~10 ng of SA-EC in the presence of Freund’s adjuvant.
Antibody responses against the EC regions were measured by
ELISA, using KLH-conjugated peptides corresponding to the
macaque EC domains as the target antigens. Figure 1A shows
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FIG. 1. Analysis of antibody responses in CCR5-EC-conjugated
VLP-immunized mice. (A) Serum IgG titers in immunized C57BL/6
mice. Anti-CCRS EC domain end-point dilution titers in serum from
mice immunized with VLP-conjugated EC domains. Titers were mea-
sured by ELISA with KLH-conjugated peptides corresponding to ECI1,
EC2, and EC4. Each data point corresponds to the antibody titer from
an individual mouse. (B) Flow cytometric analysis of antibody binding
to ptCCRS5-expressing HeLa cells (MAGI-ptCCRS). Cells were incu-
bated with sera from mice immunized with VLP:SA-EC1 or VLP:SA-
EC4 (dark black line) or, as a control, with sera from mice immunized
with VLP:SA (shaded histogram), followed by incubation with an
FITC-labeled goat anti-mouse IgG secondary antibody. (C) Summary
of data in characterization of SA-EC fusion proteins.

the end-point dilution IgG ELISA titers of the immunized
animals. Strong IgG responses were elicited in animals immu-
nized with VLPs conjugated to SA-EC1 and SA-EC4, but
animals immunized with VLP-conjugated SA-EC2 failed to
generate EC2-specific antibodies.

Although these data indicated that two of the conjugated
VLP preparations elicited antibodies that recognized ptCCRS
peptides, it was possible that these antibodies might not rec-
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FIG. 2. Serum IgG antibody titer in immunized pig-tailed macaques. Anti-EC1 (@) and anti-SA (O) end-point dilution titers in serum from
individual macaques immunized with VLPs conjugated to SA-EC1 and followed for over 3 years. Time points are relative to the date of virus
challenge (week zero). Macaques were immunized at weeks —123, —119, —115, —79, —68, —40, —36, —25, and —5 (indicated by arrows). An
asterisk indicates week —79, when all five macaques were mistakenly immunized with VLPs conjugated to wild-type SA.

ognize the EC domains in their native conformation when they
are part of the membrane-associated ptCCRS5. To examine this
question, the ability of anti-EC region antibodies to bind to a
ptCCRS5-expressing cell line was tested by flow cytometry. The
binding of sera from VLP:SA-EC-immunized mice to ptCCRS
was tested relative to control (VLP:SA-immunized) sera by
using a stable cell line that expresses ptCCR5 (MAGI-
ptCCRS) (26) (Fig. 1B). Serum IgG from VLP:SA-ECl-im-
munized mice bound specifically to this cell line, relative to
control sera from VLP:SA-immunized mice, whereas there was
no significant binding detected for sera from VLP:SA-EC4-
immunized mice. Thus, only the VLP:SA-EC1 immunogen
induced antibodies that recognized the native conformation of
ptCCRS.

Vaccination of pig-tailed macaques with VLP:SA-EC1. The
EC domains of mouse and macaque CCRS are approximately
75% homologous. Therefore, induction of anti-ptCCRS anti-
bodies in mice does not necessarily predict the ability of
CCR5-conjugated VLPs to break B-cell tolerance against
ptCCRS in macaques. To test this hypothesis, five macaques
were immunized intramuscularly with injections of 20 to 25 p.g

of BPV-L1 VLPs conjugated to 50 to 75 pg of SA-ECI, in
Titermax Gold adjuvant. Antibody responses against the self
(EC1) and foreign (SA) components of the vaccine were mea-
sured by ELISA, by using KLH-conjugated EC1 peptide or
recombinant SA as target antigens, respectively (Fig. 2). All
five macaques responded to vaccination by generating anti-
EC1 antibodies. By means of an inhibition assay, detailed in
the results below, anti-EC1 antibodies were shown to block
retroviral infection, strongly suggesting that the anti-EC1 an-
tibodies bound native cell-associated CCRS and were indeed
autoreactive.

Compared with the responses to EC1 measured in the in-
bred mice, the magnitude of the antibody responses was more
variable in the outbred macaques. Antibody titers against EC1
measured 4 weeks after the third immunization (week —111)
were high in two of the macaques (titers of approximately 10%),
one of the animals had a more intermediate response (titer
between 10° and 10*), and two monkeys were low responders
(titers of <10%). The avidities to the EC1 peptide of serum
autoantibodies collected at this time point were determined by
an ELISA that measures the sensitivity of the antibody-antigen
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interaction to treatment with 8 M urea. Four of five macaques
had serum autoantibody peptide avidity index values above
50%, the standard cutoff for high avidity in this assay (23), and
one macaque (97P026) had an intermediate peptide avidity
index value (range, 46 to 89%).

Efficiency of autoantibody induction. To assess the relative
efficiency of antibody responses to the self and foreign com-
ponents of the vaccine, antibodies induced against SA were
also measured and compared to the anti-EC responses (Fig. 2).
After three inoculations, anti-foreign (SA) antibody titers
(range, 1.0 X 10* to 1.6 X 10°) were generally about 10-fold
higher than anti-self (EC1) antibody titers. The relative titers
correspond approximately to the relative sizes of the SA and
CCRS polypeptides in the fusion protein. A similar ratio be-
tween anti-foreign and anti-self antibody responses was ob-
served previously in mice inoculated with conjugated VLPs in
the presence of Titermax Gold (8). In four of five macaques,
the ratio of anti-SA to anti-EC1 antibody titers was <12, sug-
gesting that B-cell tolerance had been broken relatively effi-
ciently. However, in the macaque with the lowest anti-EC1
titer (macaque 97P004), the (anti-SA:anti-EC1) IgG ratio was
approximately 100, perhaps indicating that autoantibody in-
duction may be less efficient in this macaque. Alternatively,
immature B cells with receptors that recognize the relatively
short CCRS peptide might have been underrepresented in the
repertoire for this animal at the time of vaccination.

Duration of response and effects of boosting. Immune re-
sponses in the macaques were monitored over a 2-year period
to examine the durability of antibody responses, the effective-
ness of boosting, and the safety of vaccination. Antibody re-
sponses against both EC1 and SA declined over time in
roughly a parallel fashion (Fig. 2). For example, in the 36-week
period between the third and the fourth immunizations, an-
ti-SA titers declined an average of 85-fold (range, 16- to 256-
fold) and anti-EC1 titers declined an average of 170-fold
(range, 16- to 256-fold). At three different time points, revac-
cination was successful at boosting antibody responses against
both SA and ECI1 to peak levels. The decline in autoantibody
titers and the ability to boost autoantibody responses in ma-
caques suggest that exposure of native CCRS to autoreactive B
cells neither restimulated these cells nor acutely anergized
them.

Absence of adverse side effects. A potential concern of au-
toantibody induction is that these antibodies may lead to ad-
verse consequences for the immunized animals. For example,
autoantibodies may be cytotoxic to cells that express CCRS. To
examine this possibility, the percentage of T cells expressing
measurable CCRS was monitored over the course of the study.
There was no significant difference between the vaccinated
group and the group of six age-matched control unvaccinated
macaques, suggesting that no such depletion of CCR5-express-
ing T cells had occurred in the vaccinees. For example, at 1
week prior to SHIV g 4,p5 challenge (week —1), the percent-
age of CD4™ T cells expressing CCR5 was similar in vaccinated
(66.9% = 0.3%) and control (67.3% =+ 1.1%) macaques. In
addition, we did not observe any depletion of CD4™" T cells
within the peripheral blood compartment. One week prior to
challenge, the absolute CD4™ T cell counts were similar in the
two groups (vaccinated macaques, 1,074 + 186 cells/ml blood;
control macaques, 980 = 117 cells/ml blood), as was the per-
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FIG. 3. Inhibition of SHIVgg,4,p; infection of an indicator cell line
(MAGI-ptCCRS5) by protein A/G-purified IgG from immunized ma-
caques. IgG was purified from sera taken from all five vaccinated
macaques and one control macaque 3 weeks prior to viral challenge
(week —3). Cells were incubated with dilutions of purified macaque
IgG for 30 min and then infected with approximately 50 infectious
SHIVgg6ops virus particles. Two hours after infection, cells were
washed and given fresh media. Two days after infection, cells were
stained, and infected cells were scored by counting the number of blue
cells in each well. Inhibition of infection was determined by comparing
the number of blue (infected) nuclei in the presence of IgG versus the
number of blue nuclei in the absence of IgG. The number of infected
cells in the absence of IgG is considered 100% infection, and the
percent of infected cells in the presence of IgG is represented relative
to this number. In some instances this value may be greater than 100%.
These results represent the mean inhibition from two experiments.
Error bars represent standard error of the means.

centage of peripheral blood cells that were CD4 ™" (vaccinated
macaques, 37.9% = 2.5%; control macaques, 36.6% * 2.2%).
All of the immunized macaques remained healthy during the
more than 2-year period between the initial vaccination and
viral challenge and were pathologically normal at necropsy.
Ability of macaque anti-EC1 IgG to bind to ptCCRS. The
ability of induced IgG to bind to cell-associated CCRS was
tested in vitro by examining whether anti-EC1 antibodies from
the vaccinated macaques blocked the infection of an R5-tropic
lentivirus. Serum samples were collected from the five vacci-
nated macaques and from one control unvaccinated macaque
(96P080) 2 weeks after the final boost and 3 weeks prior to
challenge. Because the macaque sera had a high level of non-
specific anti-viral inhibitory activity in our infection assay, we
tested the activity of protein A/G-purified macaque IgG to
block virus infection in vitro and bind to primary lymphocytes.
MAGI-ptCCRS cells were infected with approximately 50 in-
fectious SHIVgg,4p3 particles in the presence of macaque
IgG. IgG isolated from all five vaccinated macaques had viral
inhibitory activity at the highest concentration tested (250 g/
ml), whereas serum IgG from the control animal (96P080) had
no detectable inhibitory activity at this concentration (Fig. 3).
The extent of inhibition roughly paralleled the anti-EC1 IgG
ELISA titers. For example, IgG isolated from the macaques
with the highest anti-EC1 ELISA titer (macaques 97P026 and
96P089) exhibited =50% inhibition at a low IgG concentration
(62.5 pg/ml), whereas serum IgG from the macaques with the
lowest titer (macaques 97P021 and 97P004) was least effective
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FIG. 4. Inhibition of binding of a MAb against CCR5 (3A9) to
primary pig-tailed macaque lymphocytes by purified macaque IgG.
Whole blood from a naive pig-tailed macaque was incubated with
FITC-labeled anti-human CD95 MAb alone or FITC-labeled anti-
human CD95 MAD (A) and PE-labeled anti-human CCR5 MAb (3A9)
(B), purified IgG from a vaccinated macaque (97P026) and 3A9-PE
(C), or purified IgG from a control macaque (96P080) and 3A9-PE
(D). Staining was assessed by flow cytometry, and fluorescence was
measured after gating on the lymphocyte population. Inhibition of 3A9
binding was determined by two methods: first, by quantitating the
percentage of CD95™ cells that were also 3A9-PE positive and, second,
by determining the mean fluorescence index (MFI) of CD95* cells
that were bound by 3A9. These values are displayed in the upper-right
quadrant of panels B, C, and D.

at inhibiting viral infection (=50% inhibition was detected only
at the highest concentration, 250 pg/ml).

While IgG from vaccinated macaques interfered with CCRS
function as a viral coreceptor in an indicator cell line, the
formal possibility existed that these antibodies may not bind
native CCRS5 as expressed on primary macaque lymphocytes.
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To rule out this possibility, we examined the ability of IgG from
a vaccinated macaque to block the binding of a CCR5-specific
MAD (3A9). 3A9 has been demonstrated to bind to a confor-
mational epitope of CCRS that includes the EC1 domain (29).
Whole blood from a naive pig-tailed macaque was incubated
with a MAb against CD95 along with IgG from either a vac-
cinated (97P026) or a control (96P080) macaque and then
reacted with a limiting amount of PE-labeled 3A9. The ability
of macaque IgG to block 3A9-PE binding was assessed by flow
cytometry, by gating on lymphocytes and examining the
CD95" population (Fig. 4). Incubation with IgG from the
vaccinated macaque reduced the percentage of CD95" lym-
phocytes that were 3A9 positive approximately twofold (Fig.
4C). In addition, the mean fluorescence index of the cells that
remained 3A9 positive was greater than two times lower than
that of cells that were not preincubated with macaque IgG. IgG
from the vaccinated macaque did not decrease the binding of
a control MADb (anti-CD95-FITC) by more than 10% (data not
shown), suggesting that the observed inhibition of 3A9 binding
was specific. In addition, incubation of lymphocytes with the
same concentration of IgG from a control macaque had no
effect on 3A9-PE binding (Fig. 4D). Taken together, these
results and the virus inhibition data strongly support the con-
clusion that the vaccination protocol strongly diminished B-cell
tolerance to the native conformation of the CCRS EC1 pep-
tide.

Macaque challenge with SHIVgg,4,p3. Five weeks prior to
challenge, the five previously vaccinated macaques were
boosted with a final dose of VLP:SA-EC1. Anti-EC1 antibody
titers were measured 3 weeks prior to challenge, and in each of
the five vaccinated macaques, these titers were within one
fourfold dilution of its peak autoantibody titer (Fig. 2). At this
time point, the avidity index value of anti-EC1 antibodies from
three macaques was high (macaques 97P026, 97P028, and
96P089), one was intermediate (97P021), and one was low
(97P004) (Table 1).

It is unclear whether SIV isolates use other coreceptors in
addition to CCRS in vivo. Because of this possibility, we se-
lected the SHIVgp 4-p5 challenge virus to evaluate the effec-
tiveness of this vaccine. SHIVgy,4op5 1S @ chimeric virus that
contains the env, fat, and rev genes from HIV-1g4g 4, a proto-
typical R5-tropic virus, in the background of SIV, .50 (10,
36). It has been demonstrated that SHIV g, ¢,p3 uses CCRS as
its exclusive coreceptor and does not shift its tropism in vivo

TABLE 1. Comparison of anti-EC1 IgG responses and viral loads in vaccinated macaques

Anti-EC1 IgG titer at

Avidity index (%) at wk —3

Peak viral load at Time to control

Macaque wk —37 (relative avidity)” wk 2¢ (wk!
97P026 10,240 91 (high) 22 % 107 20
97P028 640 79 (high) 3.0  10° 8
97P089 2,560 94 (high) 3.9 x 10° 16
97P021 640 34 (intermediate) 6.3 X 10° 16
97P004 160 20 (low) 6.0 X 107 29

“ Based on data shown in Fig. 2.

® The avidity index was determined by ELISA by measuring the relative stability of the KLH-EC1-antibody complex to an 8 M urea wash. Values were calculated
by the following equation: (urea-washed wells/PBS-washed wells) X 100. High avidity, values =50%; intermediate avidity, values >30% but <50; low avidity, values

=30%.
¢ Based on data shown in Fig. 5.

@ Defined as the first time point at which the level of plasma-associated viral RNA was below the level of detection and remained undetectable at the next two

subsequent time points.
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FIG. 5. Intravenous challenge with SHIVgg 4,p3. Whole blood was collected at defined intervals after challenge and samples were monitored
for CD4* cell number per microliter of whole blood (O) and plasma viremia (®) (copies of viral RNA per milliliter of plasma). To detect viral
RNA we used a real-time quantitative RT-PCR method with a sensitivity limit of 100 copies of viral RNA/ml of plasma. Data points plotted below

this value indicate that viral RNA was undetectable at this time point.

(20). In addition, the virus has been reported to be pathogenic
in rhesus macaques (20, 21).

Approximately 2.5 years after the initial vaccination, the five
vaccinated macaques along with six naive control macaques
were challenged intravenously with SHIVgg,4p5. The course
of infection was monitored by measuring plasma viral RNA
loads and CD4*-T-cell counts in the infected macaques (Fig.
5). All 11 macaques developed detectable plasma viremia, with
transient declines in absolute CD4"-T-cell numbers and peak

viral loads at 2 weeks postchallenge. To monitor the effective-
ness of vaccination, we compared the geometric mean plasma
viral RNA loads of the vaccinated and control groups (Fig.
6A). Over the course of the study, viral RNA loads were
consistently lower in the vaccinated macaques than in the con-
trol macaques. While the permutation test comparing the two
longitudinal profiles over the course of follow-up was not sig-
nificant (P = 0.15), there were larger differences between the
viral loads of the two groups early after challenge, when vac-
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FIG. 6. Analysis of viral RNA loads in control and vaccinated
groups of macaques. (A) Geometric mean plasma-associated RNA
viral loads postinfection. Error bars represent standard error of the
means. (B) Control of plasma viremia in control, vaccinated macaques,
and vaccinated macaques excluding macaque 97P004. Control of vire-
mia is defined as the first time point at which plasma-associated viral
RNA was not detected and remained undetectable at the next two time
points. Data are plotted as the percentage of macaques that have
controlled detectable plasma viremia by this criterion.

cination, rather than normal macaque immune responses,
might be expected to have the greater relative inhibitory effect
on viral replication. Between 2 and 8 weeks postchallenge,
there were differences of approximately 4- to 14-fold in the
geometric mean virus loads of the two groups, and at one time
point (week 4) this difference was statistically significant (P =
0.03) (Table 2). However, by 12 weeks after infection, differ-
ences in mean viral load between the two groups were less
apparent, primarily because the plasma viral loads of several of
the control and vaccinated macaques were below the limit of
detection. In fact, the majority of both vaccinated and control
macaques were able to control viral replication to transiently
detectable levels (Fig. 5). Only one macaque (control animal
97P032) had consistently detectable plasma-associated viral
RNA. These results were in contrast to data from SHIV g 62p3
challenge studies in rhesus macaques (20, 21) and pig-tailed
macaques (N. L. Haigwood, personal communication), in
which similar doses established stable viral set points in the
majority of infected animals.

Despite the control of challenge virus in the majority of the
macaques, there was suggestive evidence that detectable plas-
ma-associated virus was cleared more rapidly in the vaccinated
macaques. To analyze the rate at which viremia was controlled

J. VIROL.

TABLE 2. Statistical analysis of geometric mean viral loads

Comparison of the geometric mean viral load of the
vaccinated group to the control group

Wks Excluding macaque
postchallenge All vaccinees included 97500 4 q
Ratio® P value? Ratio® P value?
1 2.5 0.49 6.6 0.12
2 6.6 0.11 13.0 0.03
4 13.5 0.03 25.0 0.01
6 42 0.19 4.3 0.25
8 55 0.22 10.7 0.21
12 2.5 0.41 2.4 0.49

“ The ratio of the geometric mean titers (controls:vaccinees) at the indicated
time points postinfection. A value of 2.5, for example, indicates that the geo-
metric mean viral load of the control group is 2.5 times higher than that of the
vaccinated group.

b P values were obtained from two-sample ¢ tests at the indicated time points.
Wilcoxon rank sum tests provided similar statistical evidence. Boldface values
are statistically significant (P < 0.05).

in the infected macaques, we defined control of viremia as the
first time of three consecutive time points in which plasma-
associated viral RNA was undetectable (Fig. 6B). By this cri-
terion, all five vaccinated macaques cleared plasma-associated
virus by 38 weeks postchallenge, whereas two of six control
macaques remained infected at the final time point (47 weeks
postchallenge). While this comparison also did not show a
statistical difference between the two groups, a log-rank test
comparing the relative rate of clearance approached signifi-
cance (P = 0.10).

Because there was variability in the anti-EC1 responses in
the vaccinated macaques, we investigated whether the higher
autoantibody titers or avidity were associated with lower viral
loads and/or more rapid clearance. To examine this question,
we compared the titer and avidity of the autoantibodies prior
to challenge with both the peak plasma RNA viral load and the
time at which plasma viral RNA became undetectable in the
individual vaccinated macaques (Table 1). The macaque with
the lowest anti-ECI titer and lowest autoantibody avidity index
value (macaque 97P004) had the highest viral load among the
vaccinated animals in the first 4 weeks following virus chal-
lenge and had detectable virus through week 24 (with the
exception of week 20). Therefore, it is possible that the weak
autoantibody response in this animal was responsible for its
higher viral loads. When we excluded macaque 97P004 from
our statistical analysis, there were stronger statistical differ-
ences between the two groups at early time points (Table 2),
and the global test comparing the longitudinal profiles over all
follow-up between vaccinated and control macaques was sig-
nificant (P = 0.04). This effect was highly significant (P =
0.008) when we included only measurements from 1 to 8 weeks
postchallenge, a period in which autoantibodies might be ex-
pected to play a greater role in controlling viral replication
than would the normal immune responses directed against the
challenge virus. In addition, excluding macaque 97P004 had
the effect of making the log-rank test comparing time to con-
trol of viremia statistically significant (P = 0.02) (Fig. 6B).
These data indicate that viral loads are significantly decreased
relative to controls in the four macaques with higher autoan-
tibody titers and avidities.
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The four vaccinated macaques with higher autoantibody ti-
ters and avidities had variable courses of infection. Macaque
97P028 (intermediate anti-EC1 titer and high avidity) cleared
its virus fastest (by 8 weeks postchallenge). The two macaques
with the highest autoantibody titers, 97P026 and 96P089, had
high and low viral loads, respectively, at 2 weeks postchallenge
and controlled viremia between 16 and 20 weeks postinfection,
later than macaque 97P028, which had intermediate autoanti-
body levels. Taken together, these data suggest the possibility
that there may be a threshold level required for the autoanti-
bodies to have an inhibitory effect on viral replication. How-
ever, there was no evidence that higher anti-EC1 antibody
titers or avidities above this threshold level lead to a more
rapid decline in plasma viremia.

Stability of V3 domain. Immunization against CCRS might,
in theory, lead to selection for the evolution of CXCR-4-uti-
lizing or dual-tropic viral variants that are sometimes associ-
ated with the onset of disease (41, 49). To examine the possi-
bility that CXCR-4 (X4)-tropic viral variants may have evolved
in the macaques, we sequenced envelope variable loop 3 (V3)
amplified from proviral DNA isolated from PBMCs 20 weeks
after challenge. Specific sequence changes in this region of
HIV-1gg 6, env have been associated with a shift from RS to
X4 tropism (12). Analysis of multiple clones from the five
vaccinated macaques and two control macaques indicated that
there were no predicted amino acid changes from the sequence
of wild-type HIV-14g,, env in the V3 region (data not shown).
However, this analysis does not exclude the possibility that
other regions of env that may potentially modulate coreceptor
usage may have accumulated genetic changes.

DISCUSSION

These data provide the first indication that VLP-based vac-
cines are capable of inducing autoantibody responses in pri-
mates. The success of this approach in breaking B-cell toler-
ance against CCR5 and TNF-« in mice has previously been
demonstrated (8, 9). To extend these studies to macaques, we
took a comprehensive approach to identifying an M. nemest-
rina CCRS5 peptide that elicits antibodies that bind to native
CCRS and block viral infection. This process identified the
N-terminal region of CCRS5 (EC1) as a peptide that (i) could
be fused to SA and still allow the SA domain to bind biotin and
(ii) elicited antibodies that bound to the cognate CCRS pep-
tide and also bound to native CCRS. Upon immunization of
macaques with ECl-conjugated VLPs, anti-CCRS5 autoanti-
bodies were elicited in all five vaccinated macaques. Anti-
CCRS IgG responses were relatively durable and, importantly,
could be boosted upon subsequent vaccination. IgG autoanti-
body levels were more variable in monkeys than the levels we
have observed in mice. The greater variability in individual
macaques could be attributable to the macaques being outbred
animals, in contrast to the inbred strains of mice that we have
used, to the different adjuvants used for the macaque studies
(Titermax Gold) and the mouse studies (Freund’s adjuvant),
or to other factors. A future goal will be to identify factors that
may consistently enhance autoantibody responses in primates.

As with any therapeutic modality, the safety of autoantibody
induction by vaccines is an important consideration. In this
study, as well as the previous CCRS5 study in mice, the induc-
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tion of autoantibodies against CCRS was not associated with
any gross pathology or peripheral blood abnormalities. Vacci-
nated macaques remained healthy throughout an observation
period of more than 2 years, and there was no apparent loss of
CCRS-expressing T cells. Our results are consistent with the
observation that a proportion of the human population lacks
functional CCRS (reviewed in reference 6) yet is apparently
healthy. Safety concerns will need to be carefully addressed for
each individual target self antigen, but it is encouraging to note
that a vaccine that induces autoantibodies against human cho-
rionic gonadotropin has been tested in humans as a contracep-
tive without the report of serious adverse reactions (53).

To assess vaccine efficacy, we sought to infect the vaccinated
macaques with a challenge dose of an R5-tropic SHIV virus
that would result in a measurable viral set point. Although the
dose of SHIV g 6,p3 used here achieved this effect upon chal-
lenge of rhesus macaques (20, 21) and a group of pig-tailed
macaques at the University of Washington (N. L. Haigwood,
personal communication), in our study SHIVgp,,p; infection
was controlled in half of the control macaques, and only one
control macaque had consistently detectable plasma-associ-
ated viral RNA throughout the course of the study. This ability
of the immunized macaques to control virus infection made it
more difficult to assess the effectiveness of vaccination, but
several analyses suggested that the vaccine had conferred some
degree of protection. These include the observation that vac-
cinated macaques had consistently lower mean viral loads and
cleared detectable plasma-associated viral RNA more rapidly
than control macaques. These differences were modest, and it
remains possible that the variability of the disease course in
individual macaques may account for these differences. How-
ever, the trends suggest that vaccination may have decreased
viral loads in the peripheral blood. Importantly, the difference
between the viral loads in the vaccinated and control macaques
was statistically significant if we excluded from our analysis the
one macaque with a poor antibody response to vaccination.
Such antiviral effects, if confirmed, may be sufficient to confer
clinical benefit, as it has been demonstrated in HIV-1-infected
individuals that small decreases in viral load associated with set
point can have significant effects on time to disease (47, 52).
Indeed, even a low-titer anti-CCRS5 response may be effective
in some instances. For example, low-level anti-CCRS5 autoan-
tibodies (with virus inhibitory activity in vitro) have been de-
tected in the seronegative partners of HIV-1-seropositive in-
dividuals, suggesting that these autoantibodies may have a role
in protection from natural HIV-1 infection (34).

As with any potential antiviral agent, vaccination against
CCRS may lead to the selection of a resistant virus population.
This possibility needs to be taken into account in future efforts
to improve the efficacy of VLP-based autoantibody-inducing
vaccines. Coreceptor switching to CXCR-4 usage remains a
formal possibility, but an examination of viral resistance to
AD101, a molecular antagonist of CCRS, indicated that resis-
tant viruses did not switch to CXCR-4 but persisted in using
CCRS, either through binding to alternative EC domains of
CCRS or by binding to the receptor at a higher affinity (55).
Extensive analysis of CCRS has indicated that the amino ter-
minus of CCRS plays a dominant role in coreceptor activity (1,
3,5, 15-17, 24, 35, 40, 42, 43), but the interaction between the
HIV-1 envelope and CCRS is complex and probably involves
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several other EC regions of CCRS5, most notably EC3. Thus, a
future challenge of autoantibody induction is to raise antibod-
ies against more complex CCRS determinants that bind mul-
tiple EC domains at high affinity.

Other vaccination strategies to elicit antibodies that bind
macaque CCRS have also been reported. Unlike our study,
these approaches have utilized human CCRS5 nucleic acid or
peptides to elicit cross-reactive anti-human CCRS antibodies.
Using full-length human CCRS protein or CCRS peptides,
Lehner et al. induced anti-CCRS antibodies that bound ma-
caque CCRS and inhibited HIV-1 in vitro (30). That study also
identified the N-terminal domain as the most effective at in-
ducing high-titer antibody responses. However, Lehner et al.
did not examine the effects of vaccination upon virus challenge.
Zuber et al. elicited anti-CCRS IgG by genetically immunizing
macaques with human CCRS DNA fused to strong T-helper
epitopes (58). In that study, immunization was not protective
upon intravenous challenge with SIV_, possibly because of
the coreceptor tropism of this viral isolate, which is not well
characterized in vivo.

Other anti-CCRS5 approaches, including agents such as
MAbs, chemokine analogs, small molecular inhibitors, and
small interfering RNAs, have shown promise in in vitro studies
(2, 4, 39, 48, 54). Our results add evidence to the feasibility of
CCRS inhibitors as therapeutic agents against HIV infection.
The induction of prophylactic or therapeutic autoantibodies by
vaccination has some theoretical advantages over more passive
anti-CCRS therapeutics, such as MAbs. Induced autoantibod-
ies would be expected to provide a longer duration of response
at less cost and be less likely to induce an anti-idiotypic re-
sponse that might inactivate the CCRS antibodies. Given our
ability to induce autoantibodies in macaques and data suggest-
ing the possibility that the macaques with high-titer autoanti-
bodies may have controlled SHIV infection more rapidly than
control macaques, the continued development of CCRS5-spe-
cific therapy via autoantibodies, and other approaches, war-
rants future study.
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